Introduction
Phthalate esters are widely used as plasticizers and are produced on a million-ton scale per year (Mackintosh et al., 2006) . They represent environmentally relevant xenobiotics with an endocrine disrupting activity that readily leach from plastic polymer matrices into the environment (Caldwell, 2012) . Biodegradation by microorganisms is considered the major process of phthalate ester elimination (Staples et al., 1997; Mersiowsky et al., 2001) . The initial steps are catalyzed by esterases releasing the corresponding alcohols and phthalate (1,2-dicarboxybenzene) (Engelhardt and Walln€ ofer, 1978; Benckiser and Ottow, 1982; Shelton et al., 1984; Vega and Bastide, 2003; Maruyama et al., 2005) . Under oxic conditions, the further degradation of phthalate has been studied since decades and involves the introduction of hydroxyl groups to the aromatic ring by dioxygenases/ dehydrogenases. The subsequent decarboxylation is largely facilitated by phenolic hydroxy groups in ortho-or para-position by stabilizing a dianionic transition state (Keyser et al., 1976; Eaton and Ribbons, 1982; Taylor and Ribbons, 1983 ). The protocatechuate formed is then converted to central intermediates by well-studied aerobic degradation pathways of aromatic compounds.
In the absence of oxygen, phthalate-degrading bacteria have to employ a different enzyme inventory. It has long been proposed that in anaerobic bacteria phthalate is converted to benzoyl-CoA, which is then degraded via the anaerobic benzoyl-CoA degradation pathway (Eaton and Ribbons, 1982; Taylor and Ribbons, 1983; Nozawa and Maruyama, 1988) . However, only recently first in vitro evidence was provided for the initial steps involved in anoxic phthalate degradation. Using extracts from Thauera, Azoarcus and 'Aromatoleum' strains that had been anaerobically grown with phthalate and nitrate, phthalate was first activated to phthaloyl-CoA in a succinyl-CoA dependent manner which was subsequently decarboxylated to benzoyl-CoA ( Fig. 1) , (Junghare et al., 2016; Ebenau-Jehle et al., 2017) . In these assays the proposed phthaloyl-CoA intermediate was not detected by UPLC-UV/vis analyses and its formation could only qualitatively be demonstrated by mass spectrometry (MS) (Ebenau-Jehle et al., 2017; Junghare et al., 2016) . The benzoyl-CoA formed is then dearomatized by class I benzoyl-CoA reductase (Buckel et al., 2014) and further degraded by enzymes of the benzoyl-CoA degradation pathway (Fuchs et al., 2011; Díaz et al., 2013; Schmid et al., 2015) .
Differential proteome analyses with 'Aromatoleum aromaticum' and Azoarcus sp. PA01 revealed phthalateinduced clusters of candidate genes encoding putative enzymes involved in the activation and decarboxylation of phthalate (Junghare et al., 2016; Ebenau-Jehle et al., 2017) . Among these, a ubiD-and a ubiX-like gene were identified. The product of the former gene was recently purified from wild-type Thauera chlorobenzoica 3CB-1 and characterized as a benzoyl-CoA forming phthaloylCoA decarboxylase (PCD) . Like other members of the UbiD-family of carboxylases/ decarboxylases, it contained a prenylated FMN (prFMN) as active site cofactor . UbiX-like gene products have been identified to act as prenyltransferases that form the prFMN cofactor . The phthalate-induced clusters of all phthalate-degrading denitrifying bacteria also contained genes putatively encoding two subunits of a CoA-transferase that may act as a succinyl-CoA:phthalate CoA transferase (formerly abbreviated SCPCT, henceforth referred to as SPT).
There are three classes of CoA transferases that differ in amino acid sequence similarities and catalytic mechanism (Heider, 2001 ): (i) covalent catalysis by class I enzymes proceeds via g-glutamyl-acyl anhydride and g-glutamyl-CoA thioester intermediates in a pingpong mechanism (Solomon and Jencks 1969; White and Jencks 1976) . (ii) Catalysis of the small class II CoA transferases does not involve covalently bound intermediates and resembles partial reactions of citrate/ citramalate lyases (Dimroth and Eggerer, 1975; Buckel and Bobi, 1976) . (iii) In the class III member formylCoA:oxalate CoA transferase, b-aspartyl-formyl and b-aspartyl-CoA thioester intermediates were identified; here, the product is only released after the reaction is completed resulting in different kinetics compared to class I CoA transferases (Berthold et al., 2008) .
In this study, we provide in vitro evidence that two genes of a phthalate-induced gene cluster in 'Aromatoleum aromaticum' EbN1 code for subunits of a specific class III succinyl-CoA:phthalate CoA transferase that initiates phthalate degradation. However, the unstable phthaloyl-CoA formed readily decayed to phthalate and coenzyme A; we elucidate the cellular mechanisms that compensate for the capture of the possibly most unstable CoA thioester in biology.
Results

Phylogenetic and genomic analyses of sptAB genes
A previous proteome analysis of phthalate-vs. benzoategrown 'A. aromaticum' EbN1 cells showed more than a 100-fold induction of two gene products annotated as subunits of a CoA transferase (CAI10586.1, putative subunit SptA and CAI10587.1, putative subunit SptB) (Ebenau-Jehle et al., 2017) . The putative CoA-transferase subunits are of similar molecular mass (SptA: 43.8 kDa, SptB: 43.1 kDa), but share only 26% amino acid sequence identity. Phylogenetic analysis indicated that both gene products are putative subunits of a class III CoA-transferase that form a distinct phylogenetic cluster among CoA transferases ( Fig. 2A) . Highest amino acid sequence identities were identified with the BbsEF subunits of the experimentally characterized class III succinylCoA:(R)-benzylsuccinate CoA-transferase, that is involved in anaerobic toluene degradation in Thauera aromatica K172 (Leutwein and Heider, 2001 ). Identities were 33% (BbsF/SptA) and 34% (BbsE/SptB). Notably, a conserved aspartyl residue proposed to serve as active site residue for covalent catalysis of type III CoA-transferases (Berthold et al., 2008) is present in subunit A, but missing in subunit B, which has also been described for the corresponding BbsEF subunits (Fig. 2B) (Leutwein and Heider, 2001) . In 'A. aromaticum' the encoding genes are part of a phthalate-induced gene cluster that in addition comprises the genes encoding PCD, as well as genes putatively involved in prFMN cofactor synthesis and phthalate uptake (Ebenau-Jehle et al., 2017) . In the closely related denitrifying phthalate degraders T. chlorobenzoica 3CB-1 and Azoarcus sp. PA01, highly similar clusters are also present but located on the chromosome (Junghare et al., 2016; Ebenau-Jehle et al., 2017) (Fig. 2C ).
Heterologous expression, purification and subunit architecture of SPT The sptAB genes from 'A. aromaticum' EbN1 were cloned into the pET-Duet1 vector with each subunit being fused to a C-terminal 6 3 His tag. After heterologous . PCD has been isolated and characterized previously ; SPT was studied in this work.
Anaerobic phthalate degradation 615 production in E. coli BL21(DE3) and purification from the soluble cell extract fraction by Ni-NTA affinity chromatography an apparently single protein band was obtained after SDS-PAGE with 12.5% acrylamide (Fig. 3A) . The band was excised, tryptically digested and analyzed by ultra-performance liquid chromatography coupled to electrospray ionization quadrupole time of flight mass spectrometry (UPLC-ESI-QTOF-MS) detection. The SptAB subunits were identified in almost equal amounts (Supporting Information Table S1 ). An apparent molecular mass of 176 kDa was determined by size exclusion chromatography which is close to the theoretical molecular mass of a tagged Spt(AB) 2 heterodimer with 178 kDa (Fig. 3B) . The major fraction obtained was again subjected to SDS-PAGE analysis, which confirmed the presence of SptA and SptB (Fig. 3B ).
Activity and kinetic properties of SPT Activity of heterologously produced SPT was assessed by UPLC analysis coupled to diode array and/or MS detection. In these experiments the SPT-independent succinyl-CoA decomposition was always subtracted from the phthalate-dependent consumption rate.
Initial UPLC assays with UV/vis detection showed the time-, phthalate-and enzyme-dependent succinyl-CoA consumption, but virtually no formation of phthaloyl-CoA was observed ( Fig. 4A and B) . Instead, succinyl-CoA consumption was accompanied by concomitant CoA formation. Using this assay, the K m -value for phthalate of 126 6 14 lM with a V max of 290 6 30 nmol min 21 mg
21
was determined by fitting kinetic data to MichaelisMenten curves. A K m -value for succinyl-CoA could not be determined accurately due to its parallel ongoing background decay; it was estimated to be between 20 and 60 lM. Using UPLC analysis coupled to ESI-QTOF-MS detection, a succinyl-CoA-(200 lM), phthalate-(1 mM), timeand SPT-dependent formation of phthaloyl-CoA was detected but only up to maximally 0.6 lM, which was below the detection limit of the UPLC-UV/vis setup ( Fig. 4C ). Due to the uncertainties of MS-based quantification the initial rate could only be estimated and was in the range of 50 6 20 nmol min 21 mg
. After prolonged incubation, phthaloyl-CoA concentration decreased again, probably as a result of succinyl-CoA depletion and phthaloyl-CoA decay. In summary, under the standard conditions of a typical CoA transferase assay, SPT converted only around 0.3% of the 200 lM succinyl-CoA present in the assay to phthaloyl-CoA, whereas the remainder was hydrolyzed to free CoA.
Stability of phthaloyl-CoA
The results obtained suggest that the anticipated product of SPT, phthaloyl-CoA, is highly unstable and possibly decays by intramolecular substitution to CoA and phthalic anhydride; the latter will then spontaneously hydrolyze in aqueous buffers. However, this assumption would be contrary to the reported stability of chemically synthesized phthaloyl-CoA that was obtained by reacting phthalic anhydride in acetone with CoA in 0.3 M NaOH (Junghare et al., 2016) . Following this protocol we also obtained a major product after UPLC analysis with a molecular mass fitting exactly to that of phthaloyl-CoA (m/z 5 916.14); it was apparently stable to some extent even for days. However, using a modified UPLC separation protocol we succeeded in separating the apparent single product into the two compounds I and II, both of which had identical m/z-values again fitting perfectly to phthaloyl-CoA as evidenced by MS-analyses (Supporting Information Fig. S1 ). Whereas the major component I was indeed stable for days, the minor component II readily decayed with a half-life of 7 min as determined by fitting the data to a one phase decay equation (Fig. 4D ). Only the unstable compound II co-eluted with the product formed from phthalate and succinyl-CoA by SPT (Supporting Information Fig. S1 ). A careful analysis of fragmentation patterns obtained during mass spectrometric analyses revealed marked differences between compound I and II. The unstable compound II showed all expected fragments from the phthaloyl-CoA thioester, that were almost identical to those obtained from the product formed from SPT (Supporting Information Fig. S2 ). In contrast, the fragments obtained from the stable compound I fitted ideally to a carboxamide formed from the phthalic acid carboxyl group and the amino functionality of the CoA adenine (Supporting Information Fig. S3 ). An additional minor compound fitted to the m/z-values for a CoA molecule linked to two phthalates via thioester and carboxamide bonds with m/z 5 1064.16 and the corresponding fragmentation pattern (Supporting Information Fig. S4 ).
The formation of the carboxamide can be explained by the highly alkaline conditions used for chemical phthaloyl-CoA synthesis (Junghare et al., 2016) . Though the CoA ester will be rapidly formed under these conditions, it will also be extremely susceptible to hydrolysis and the reaction will quickly run into an equilibrium that is expected to be clearly on the side of the hydrolyzed products. At pH > 13 amino groups are also good nucleophiles that react with the phthalic anhydride. But in contrast to the thioester, the carboxamide formed is stable and accumulates in the course of the reaction. In summary, the apparent stability of phthaloyl-CoA reported has to be assigned to the carboxamide side product. The identical m/z-values and nearly identical retention times during HPLC/UPLC analyses made it highly difficult to distinguish between the thioester and carboxamide forms of phthaloyl-CoA in previous studies.
Alternative substrates and reverse reaction of SPT
A number of carboxylic acids were tested as alternative substrates for SPT (Table 1) . A substrate-dependent decrease in succinyl-CoA concentration, and formation of the corresponding CoA thioesters was only detected by UPLC-ESI-QTOF-MS with 3-fluorophthalate and maleate (Supporting Information Fig. S5 ). No activity was observed with the meta-/para-phthalate isomers or with monocarboxylic aromatic compounds (Table 1) . SPT was highly specific for succinyl-CoA; no phthalatedependent conversion of acetyl-CoA or benzoyl-CoA as alternative CoA donors was observed. To test whether succinate could serve as potential CoA acceptor from succinyl-CoA, isotope exchange experiments were performed with 12 C-succinyl-CoA as CoA-donor and 13 C1-succinate as CoA-acceptor. Indeed, a time-and enzyme-dependent isotope exchange was observed as indicated by the increase of a succinyl-CoA mass peak shifted by 1 Da (m/z 5 869) vs the non-labelled succinylCoA (m/z 5 868) added to the reaction as CoA donor (Supporting Information Fig. S6 ). 
Inhibition of SPT
In previous studies type III CoA-transferases were reported to be inhibited after incubation with hydroxylamine or NaBH 4 in the presence of the CoA-thioester substrate (Mack and Buckel, 1995; Selmer and Buckel, 1999; Leutwein and Heider, 2001) . Preincubation of SPT with hydroxylamine (10 mM, 15 min, 308C) in the presence/absence of succinyl-CoA (0.5 mM) showed no significant inhibitory effect. With 10 mM NaBH 4 , SPT activity was reduced to 10% but was independent of preincubation with succinyl-CoA.
Coupled SPT/PCD assays
In a previous study with extracts from phthalate-grown 'A. aromaticum', SPT activities were determined by monitoring succinyl-CoA and phthalate dependent benzoyl-CoA formation as a result of coupled SPT and PCD reactions . In these experiments the ratio of accumulating benzoyl-CoA:CoA was around 3:1, whereas with the isolated, heterologously produced enzyme the phthaloyl-CoA:CoA formation ratio was below 1:100 ( Fig. 4B and C) . This finding, together with the instability of phthaloyl-CoA determined in this work, suggested that PCD is involved in phthaloyl-CoA capture thereby guaranteeing that benzoyl-CoA formation becomes favored vs phthaloylCoA hydrolysis. However, as the apparent K m of PCD for phthaloyl-CoA was reported to be in the range of 100 lM, and as the specific activity is rather low (35 6 5 nmol min 21 mg
21
; Mergelsberg et al., 2017) a high overproduction of PCD would be required to efficiently trap phthaloyl-CoA at concentrations below 1 lM.
To test this scenario PCD was added to SPT assays at varying concentrations. In these titration experiments purified PCD from T. chlorobenzoica was used that is highly similar to the enzyme from 'A. aromatoleum' (blastp analysis gave 94% identity and 100% query cover) (Altschul et al., 1990; Rabus et al., 2005; Ebenau-Jehle et al., 2017) . The analysis of benzoylCoA formed from succinyl-CoA and phthalate by the combined action of SPT (0.2 mg ml 21 ) and PCD (0-1.6 mg ml 21 ) was used as a minimal activity read-out for SPT-dependent phthaloyl-CoA intermediate formation (Fig. 5 ). In these titrations both the rate of succinyl-CoA consumption and benzoyl-CoA formation increased with increasing amounts of PCD added (Fig. 5B) . The maximal benzoyl-CoA formation rate obtained was 238 nmol min 21 (mg SPT) 21 , which was around fivefold higher than the initial rate of phthaloyl-CoA formation in the absence of PCD. Most importantly, the maximal amount of benzoyl-CoA formed in these assays reached around 80% of the succinyl-CoA added (200 lM), and was more than 250-fold higher than maximal phthaloyl-CoA formation (0.6 lM) in the absence of PCD. In contrast, the rate of succinyl-CoA hydrolysis remained unaffected by the addition of PCD (Fig. 5B) . The maximal ratio of benzoyl-CoA:CoA formation rate of 4:1 was reached at PCD:SPT ratios between 4:1 and 8:1 (normalized to active sites based on Spt(AB) 2 and PCD 6 compositions). In a control experiment, PCD was kept constant and was titrated with increasing amounts of SPT. Here, PCD reached 85% of its maximal specific activity at ratios of approx. 0.25 SPT active sites per PCD demonstrating that the activity increase was independent of the order of titration. To test whether the positive effect PCD on SPT activity affords a direct interaction, both enzymes were incubated in custom-made equilibrium dialysis chambers (250 ll each) that were separated by dialysis membranes permeable for CoA esters but impermeable for proteins (cut-off 6-8 kDa). After addition of 200 lM succinyl-CoA and 500 lM phthalate to the SPTcontaining chamber, benzoyl-CoA formation was observed in the PCD containing chamber at a rate of 80-90% of the rate observed in a control where SPT and PCD were present in the same compartment. This finding clearly indicates that the stimulating effect of PCD on SPT is independent of a direct interaction of both enzymes.
Estimation of PCD/SPT cellular abundance
The results obtained from the titration experiments suggested that a high excess of PCD is necessary to capture the labile phthaloyl-CoA at sub-micromolar concentrations. In agreement, recent analyses of T. chlorobenzoica cell extracts indicated that PCD makes up 15-20% of the soluble protein (Ebenau-Jehle et al., 2017; Mergelsberg et al., 2017) . We subjected extracts from 'A. aromaticum' cells grown with phthalate to SDS-PAGE, followed by densitometric analysis of Coomassiestained protein bands. Though this technique does not allow accurate quantifications, it is used here for a rough estimation that showed that PCD is a highly abundant protein that makes between 5 and 10% of the total soluble protein. The following assumptions were taken into account to estimate the cellular PCD concentration in 'A. aromaticum': (i) density of a standard Gram-negative cell is 1.1 g ml 21 (Baldwin et al., 1995) , (ii) dry mass of cells is 30% of wet mass, (iii) protein accounts for 50% of dry mass, (iv) soluble protein is 80% of total protein and (v) PCD makes 7.5% of soluble protein.
Using these numbers 1 mg of cells (wet mass) contained approximately 9 mg PCD. With a molar mass of 58,900 g mol 21 for a PCD monomer ) the apparent concentration of PCD is approximately 140 lM in 'A. aromaticum' cells. Considering that the cytoplasmic volume is significantly lower than the total volume of a Gram-negative cell, this concentration rather represents an underestimation. Phthalate-grown denitrifiers show no clearly visible phthalate-induced SDS-PAGE bands migrating around the theoretical molecular mass of the SptAB subunits, which excluded a densitometric approach to estimate their cellular abundancies. For this reason, the relative abundancies of the active site SptA and PCD subunits were estimated from the proteome analyses data previously obtained with 'Aromatoleum aromaticum' cells grown with phthalate (Ebenau-Jehle et al., 2017). Using the Hi3 method (Silva et al., 2006) , the relative cellular abundance of PCD:SptA was 3.6:1 (Supporting Information Table S2 ). This value is close to the optimal ratio of 4:1 to 8:1 determined by in vitro titration assays with purified enzymes.
Cellular abundance of CoA esters
The results obtained so far indicate that phthaloyl-CoA is only present at sub-micromolar concentrations as it is readily captured by the massively overproduced PCD to minimize its spontaneous decay. To substantiate that phthaloyl-CoA is only formed in trace amounts in vivo, we extracted the CoA-ester pool from 'A. aromaticum' cultures exponentially grown with either phthalate or benzoate, and subjected the metabolites to UPLC-ESI-QTOF-MS analyses. The relative abundancies of CoAesters were normalized to free CoA and compared between cells grown on the individual substrates ( Fig. 6A and B) . In all cells, the most abundant CoA ester metabolite was benzoyl-CoA, with a 2.5-fold higher abundance in cells grown with phthalate. In contrast, phthaloyl-CoA was only detectable in phthalate-grown cells at an abundance several orders of magnitude below benzoyl-CoA, CoA or acetyl-CoA. A striking difference was observed for succinyl-CoA which showed a 15-fold higher abundance in cells grown with benzoate compared to cells grown with phthalate (Fig. 6C) .
Discussion
In this work, the enzyme initiating anaerobic phthalate degradation in 'A. aromaticum' was heterologously produced, isolated and characterized as SPT. The presence of similar phthalate-induced genes encoding putative class III CoA transferases in all investigated denitrifying, phthalate-degrading bacteria (Junghare et al., 2016; Ebenau-Jehle et al., 2017) leaves little doubt that activation to phthaloyl-CoA by a succinyl-CoA dependent CoA transferase is the common initial reaction of anaerobic phthalate degradation. The assignment of the heterologously produced gene products to SPT is based on (i) its elevated abundance during anaerobic growth with phthalate, (ii) the location of its encoding genes in a cluster together with other genes involved in phthalate degradation and (iii) most importantly, its substrate specificity. SPT only activated carboxylic acid substrates with two cispositioned, vicinal carboxyl-groups at vinylic or aromatic systems. As an exception, succinate served as CoA acceptor as evidenced by isotope exchange of succinylCoA in the presence of 13 C-succinate, whereas neither cis-nor trans-cyclohexane-1,2-dicarboxylate was converted. Obviously, the relatively small succinate can adopt the necessary planar orientation of the carboxyl functionalities in the active site, which appears to be prevented with the bulkier alicyclic dicarboxylic acids. It is remarkable that no activation of a monocarboxylic acid was observed; even the structurally and electronically similar 2-nitrobenzoate neither acted as substrate nor as inhibitor. This finding suggests that substrate binding is sensitive to subtle steric and/or electronic alterations, which again demonstrates the high selectivity of SPT.
SPT represents a novel member of the class III CoA transferase family and contains the conserved active site aspartyl residue that forms anhydride and thioester intermediates. It is striking that most but not all known class III CoA transferases activate dicarboxylic acids such as oxalate (Baetz and Allison, 1990) , (R)-benzylsuccinate (Leutwein and Heider, 2001 ), mesaconate (Zarzycki et al., 2009 ), phenylsuccinate (Sch€ uhle et al., 2016 or phthalate (this work). Highest amino acid sequence similarities were identified with succinylCoA:(R)-benzylsuccinate CoA-transferase (BbsEF) from T. aromatica involved in anaerobic toluene degradation. Further similarities to BbsEF comprise the (AB) 2 heterotetrameric architecture with only one subunit carrying an active site aspartyl residue, the narrow substrate preference and the isotope exchange activity in the presence of 13 C-succinate and 12 C succinyl-CoA.
Moreover, BbsEF and SPT are both sensitive to sodium borohydride but not to hydroxylamine. The latter has originally been described as potent inhibitor for the class III formyl-CoA:oxalate CoA transferase (Berthold et al., 2008) , but apparently does not function as a general inhibitor of all members of this class. The anaerobic degradation xenobiotic phthalate involves the formation and capture of the phthaloyl-CoA intermediate, possibly the most unstable CoA-ester intermediate in biology with a half-life of 7 min at room temperature at pH 7.5. As a comparison, succinyl-CoA, known as an unstable CoA ester, has a half-life between 60 to 120 min under these conditions (Dawson et al., 1986) . Phthalate-degrading anaerobic bacteria compensate for phthaloyl-CoA lability by overproducing phthalateinduced PCD to cellular concentrations (>140 lM) that exceed that of its substrate (<0.5 lM) by almost three orders of magnitude. Under these conditions the in vivo kinetics of PCD will be far from standard Michael-Menten kinetics where enzyme concentrations are usually negligible. The large excess of PCD active site subunits results in effective phthaloyl-CoA binding and decarboxylation, even at substrate concentrations 250-fold below the apparent K m PCD for phthaloyl-CoA as determined at low enzyme concentrations . In vitro titration experiments indicate that optimal conversion of succinyl-CoA and phthalate to benzoyl-CoA, succinate and CO 2 is observed at a PCD:SPT ratio 4:1, which almost corresponds to the estimated cellular abundance ratio of both enzymes (3.6:1). Thus, the differential cellular synthesis of both enzymes is perfectly adjusted to capture an intrinsically labile CoA ester intermediate. In conclusion, overproduction of PCD represents the cellular response for efficient phthaloyl-CoA binding at extremely low concentrations without complex formation with SPT.
While, on the first view overproduction of PCD appears to be an appropriate solution for overcoming phthaloylCoA lability, such a strategy is largely energy consuming. Ribosomal synthesis of a protein at >100 lM concentrations will consume a considerable portion of nucleosidetriphosphates for amino acid synthesis and their activation to aminoacyl-tRNAs, as well as for ribosomal peptide bound formation. Moreover, each PCD active site contains a prenylated FMN cofactor, which requires the synthesis of stoichiometric amounts of the precursors FMN and dimethylallyl-monophosphate, the prenylating agent that most likely derives from isoprenoid biosynthesis. Finally, our results indicate that even at optimal PCD/ SPT ratios at least 20% of succinyl-CoA was still hydrolyzed to CoA and succinate. This futile background succinyl-CoA hydrolysis resulted in a 15-fold depletion of the succinyl-CoA pool in phthalate vs. benzoate-grown cells. The energetic costs for PCD overproduction and succinyl-CoA depletion corroborate the threefold higher doubling time of 'A. aromaticum' during growth with phthalate vs benzoate (Ebenau-Jehle et al., 2017) .
Though not observed for SPT/PCD, an alternative, energetically less demanding solution for overcoming phthaloyl-CoA lability would be a direct substrate channeling via complex formation of the two enzymes. Channeling of intermediates between different active sites in enzyme complexes has been described for several enzymatic reactions where labile or toxic intermediates are prevented from being released to the cytoplasm (Weeks et al., 2006) . A channeling of CoA ester intermediates has recently been reported for an acetoacetyl-CoA thiolase/HMG-CoA synthase complex (V€ ogeli et al., 2018) . In this case substrate channeling via complex formation has evolved to facilitate a thermodynamically unfavorable enzymatic reaction. Whereas the use of tunneling/channeling enzymes may represent a rather advanced means of overcoming lability/toxicity of intermediates or thermodynamic constraints, the overproduction of capturing enzymes appears to represent a rather primitive but also energetically wasteful solution. In this context, it is noteworthy that phthalates have only been released in significant amounts to the environment since the large-scale anthropogenic production of plastics has started around sixty years ago (Graham, 1973) . The genes coding for proteins of anaerobic phthalate degradation are located on a putative transposon and in 'A. aromaticum' on a plasmid which both will facilitate a rapid distribution of the pathway (Rabus et al., 2005; Junghare et al., 2016; Ebenau-Jehle et al., 2017) . Thus, this work identified a snapshot of the ongoing evolution of a xenobiotic degradation pathway in which cells have to cope with a highly labile CoA ester intermediate. The current solution of phthalate-degrading cells to overproduce the phthaloylCoA capturing PCD may represent a starting point for the evolution of an optimized pathway where phthaloylCoA is no longer released to the cytoplasm.
Experimental procedures
Phylogenetic analyses and multiple alignment
A phylogenetic tree was constructed using MEGA6 (MUSCLE alignment, Maximum Likelihood, 1000 bootstrap replications, complete deletion, Jones-Taylor-Thornton model) (Edgar, 2004; Tamura et al., 2013) . For analysis of conserved amino acids, protein sequences were aligned with Clustal Omega (Sievers et al., 2011) and the alignment was visualized using Geneious R8 (Biomatters Ltd.).
Cloning of spt genes
The genes coding for both subunits of SPT from of 'A. aromaticum' EbN1 (SptA EB_RS21715; SptB EB_RS21720) were amplified with specific primers (Supporting Information  Table S3 ); a C-terminal sixfold histidine tag was fused to each subunit. After ligation into the vector pETDuet-1 (Merck Millipore) the construct was transformed into Escherichia coli BL21(DE3) (New England Biolabs).
Expression, purification and determination of the molecular mass of SPT Escherichia coli BL21(DE3) containing the expression plasmid was grown in LB-media at 378C. At an OD 600 of 0.8, gene expression was induced with 250 lM isopropyl b-D-1-thiogalactopyranoside. Growth temperature was subsequently lowered to 168C and cells were harvested after 15 h. For preparation of cell-free extracts, 5 g cells were suspended in buffer A (20 mM Tris/HCl pH 7.5, 250 mM potassium chloride, 20 mM imidazole, 10% glycerol v/v) with 0.1 mg ml 21 DNAse I and lysed using a French pressure cell at 120 MPa. The cell lysate was ultracentrifuged (100,000 3 g) and applied to a 1 mL Ni-NTA affinity column (Machery-Nagel) using an FPLC System ( € AKTApurifier, GE Healthcare). Removal of non-specifically bound proteins and elution of the heterologously expressed proteins was conducted using buffer A supplemented with 50 mM and 250 mM imidazole respectively. The fraction eluting at 250 mM imidazole was concentrated using a centrifugal concentrator (10 kDa, Sartorius). Protein concentration was determined using the Bradford method and protein purity was determined using SDS-PAGE (Bradford, 1976) . For protein identification, bands of interest were excised, tryptically digested in-gel and the resulting peptides were analyzed by MS using a Waters Acquity I-Class UPLC equipped with a Waters Peptide CSH C18 column coupled to a Waters Synapt G2-Si HDMS ESI-QTOF system as described before . The resulting ion spectra were processed with ProteinLynx Global Server (Waters). Apparent native molecular mass was determined by applying 1 mg purified SptAB to a Superose 6 10/300 GL size exclusion column (GE Healthcare) in buffer A and by correlating the retention time with protein standards. PCD from T. chlorobenzoica 3CB-1 was purified as described before .
Synthesis of coenzyme a thioesters
Benzoyl-CoA, succinyl-CoA and acetyl-CoA were synthesized from the corresponding anhydrides and coenzyme A (Schachter and Taggart, 1953) , phthaloyl-CoA, 3-fluorophthaloyl-CoA and maleoyl-CoA were produced using the mixed anhydride method (Tserng et al., 1991) .
Enzyme activity assays
SPT activity was determined by UPLC-based analysis of CoA donor consumption or CoA/CoA-ester formation (for details of individual analytical setups used see below); in control experiments the rate of phthalate-independent succinyl-CoA hydrolysis was determined. The assay conducted at 308C routinely contained 100 mM Tris/HCl pH 7.5, 100-600 lM CoA donor, 25-2000 lM CoA acceptor, 0.2 mg ml 21 SPT. For isotope exchange experiments 13 C1-succinate was used (Strauss et al., 1992; Estelmann et al., 2011) . For testing phthaloyl-CoA stability it was incubated in 100 mM/HCl pH 7.5. SPT inhibition assays in the presence of 10 mM sodium borohydride or 10 mM hydroxylamine were performed as described before (Leutwein and Heider, 2001) . SPT was incubated for 15 min with the inhibitors in the presence/absence of succinyl-CoA (0.6 mM) prior to the addition of phthalate. For assays using inactivated PCD, the enzyme was incubated in air for 3 h at 48C. Enzymatic reactions with SPT and PCD were conducted were incubated for 2 min before the reaction was started by the addition of substrates. For analysis of CoA ester substrate/products protein was precipitated in the presence of 6.6% (v/v) acetonitrile and 0.66 M HCl; the supernatant was used for UPLC-UV/vis and UPLC-MS analysis. Fittings for determination of K m -values (Michaelis-Menten equation) and half-life (one phase decay equation) were performed using GraphPad Prism 6.0 software package.
Protein-protein interaction studies
In interaction experiments by size exclusion chromatography, 2 mg of purified SPT and 3 mg of purified PCD were mixed and loaded on a Superdex 200 Increase 10/300 column in buffer A omitting imidazole. The elution profile was assessed for the formation of additional peaks at lower retention times, that is, higher apparent molecular masses. Additionally, fractions were collected at these retention times and benzoylCoA forming activity from succinyl-CoA and phthalate was tested. In other experiments SPT and PCD were separated by a dialysis membrane (Spectra/Por, 6,000-8,000 MWCO, Spectrum Labs) fit into a custom made dialysis chamber with a total reaction volume of 500 ll. Succinyl-CoA and phthalate were added to the part of the chamber containing SPT and formation/consumption of metabolites was analyzed.
CoA ester extraction from whole cells 'Aromatoleum aromaticum' cells were grown under denitrifying conditions with 5 mM phthalate or benzoate (EbenauJehle et al., 2017) . Metabolite extraction was performed using a modification of the protocol described elsewhere (Kiefer et al., 2008 Kuntze et al., 2011) . For this purpose, cells were harvested in the mid-exponential growth phase by rapid filtration through a 0.2 lm regenerated cellulose filter (Sartorius). The filters were immediately Anaerobic phthalate degradation 623 incubated in ice-cold extraction buffer (80% acetonitrile/ 0.1 M formic acid) and sonicated for 30 s. After lyophyllization the resulting powder was dissolved in 150 ll 10 mM ammonium acetate.
UPLC analysis of CoA esters coupled to UV-or MS-detection
CoA esters were analyzed using a Waters Acquity I-or HClass UPLC with a Waters C18 HSS-T3 reverse phase column coupled to a Waters Synapt G2-Si HDMS. For UVdetection by a Waters Acquity diode array detector a gradient of 2-10% acetonitrile in 10 mM potassium phosphate buffer (pH 6.8) at a flow of 0.2 ml min 21 was used for separation. For MS-detection, a gradient of 2-10% acetonitrile in 10 mM ammonium acetate buffer (pH 6.8) at 0.35 ml min 21 was used. MS-detection was carried out using the UPLC-ESI-QTOF-MS system described above operating in MS positive mode at 3 kV capillary voltage, 4508C desolvation temperature and a desolvation gas flow of 1,000 l/h N 2 . Metabolites were either identified by their co-elution with standards or their exact masses (threshold < 2 ppm). Identification of CoA esters was verified by detection of their characteristic fragment ion at m/z 5 428.0367 as described before (Dalluge et al., 2002; Kuntze et al., 2011) . Absolute concentrations were determined using calibration curves with standards for succinyl-CoA, CoA and benzoyl-CoA. Concentrations of phthaloyl-CoA, 3-fluorophthaloyl-CoA and maleoyl-CoA were estimated using a succinyl-CoA standard.
Estimation of cellular abundancies of PCD and SPT
For estimation of the PCD subunit abundance in the soluble protein fraction, the 100,000 3 g supernatant of Frenchpressed cells were subjected to SDS-PAGE analysis (10% acrylamide in the separating gel) followed by densitometric scan using a Gel Doc XR1 system with Image Lab software (Bio-Rad). This procedure was repeated with three biological replicates. The parameters used to estimate the cellular concentration from the content in the soluble protein fraction is described in detail in the Results section. For estimation of the SptA abundance relative to the Pcd subunit the proteome data obtained in a previous study (Ebenau-Jehle et al., 2017) were analyzed by the Hi3 method that is based on the observation that the intensity of the top three most abundant tryptic peptides is proportional to the total protein content to the absolute amount of a protein present in a sample (Silva et al., 2006) .
